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Abstract:   
Cubic indium hydroxide nanomaterials were obtained by a low temperature soft-chemical 
method without any surfactants. The transition of nano-cubic indium hydroxide to cubic 
indium oxide during dehydroxylation has been studied by infrared emission spectroscopy. 
The spectra are related to the structure of the materials and the changes in the structure 
upon thermal treatment. The infrared absorption spectrum of In(OH)3 is characterised by 
an intense OH deformation band at 1150 cm-1 and two O-H stretching bands at 3107 and 
3221 cm-1. In the infrared emission spectra, the hydroxyl-stretching and hydroxyl-
bending bands diminish dramatically upon heating, and no intensity remains after 200 °C. 
However, new low intensity bands are found in the OH deformation region at 915 cm-1 
and in OH stretching region at 3437 cm-1. These bands are attributed to the vibrations of 
newly formed InOH bonds because of the release and transfer of protons during 
calcination of the nanomaterial. The use of infrared emission spectroscopy enables the 
low-temperature phase transition brought about through dehydration of In(OH)3 
nanocubes to be studied.   
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Introduction 
Special attention has been focused on indium hydroxides and oxides as a series of 
important semiconductor materials. As a wide-gap semiconductor (Eg = 5.15 eV1)，
In(OH)3 has potential applications in photocatalytic, electronic, and solar energy fields.2-4  
Also, In2O3 is known as n-type semiconductor with a direct band gap of 3.6 eV (which is 
close to that of GaN5 ), and has been used widely as solar cells, transparent conductors 
and sensors.6-10 By controlling the synthesis techniques and/or conditions, In(OH)3 and 
In2O3 can be produced with various morphologies (e.g. nanowires,11 nanotubes12 and 
nanospheres,13 etc.). We have successfully prepared indium hydroxide nanocubes without 
any organic surfactants through a low temperature hydrothermal process.14 The average 
size of In(OH)3 nanocubes was 350 nm, and a topotactical relationship was observed 
between the synthesised In(OH)3 and In2O3. Thermal decomposition of In(OH)3 is one of 
the synthetic routes of In2O3. Studies are important on the thermal transformation of 
In(OH)3 to In2O3 for further application of these nanomaterials to industry.   
 
Infrared emission spectroscopy (IES) has proven to be a very useful tool that can be 
applied in situ. IES determines vibrational wavenumbers emitted by thermally excited 
molecules at the elevated temperatures.15 Frost and Kloprogge have developed extensive 
work on minerals at the molecular level using infrared emission spectroscopy.16-20 They 
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applied infrared emission spectroscopy in the studies on the dehydration, dehydroxylation, 
decarbonisation behaviour and other changes of minerals, especially clay minerals.21-24 
However, limited work has been published on inorganic nanomaterial using this in-situ 
thermal analysis technique. Interpretation of the changes in the obtained infrared 
emission spectra with temperature increase can yield information concerning the thermal 
reaction and thermal stability of materials. Our interest in nanomaterials for industrial 
applications led our motivation for this research. In this paper, we report changes in the 
molecular structure as a function of temperature of the synthetic indium hydroxide 
nanocubes as determined using infrared emission spectroscopy.  
 
 
Experimental 
Synthesis of cubic indium hydroxide nanomaterial 
Analytical grade In(NO3)3•5H2O and ammonia solution (wt 28 %) were used as 
precursors to prepare the indium hydroxide precipitate. Three grams of In(NO3)3•5H2O 
was dissolved in 15 mL ultrapure water, and 28 % ammonia was diluted into 10 % 
solution. At room temperature, the diluted ammonia solution (10 %) was added at a rate 
of 1 mL min-1 into the indium ion solution with vigorous stirring. Ammonia solution 
addition ceased when the pH of the reaction mixture reached 8. The reaction mixture was 
kept stirring constantly in the air at room temperature for 0.5 h. The obtained mixture was 
centrifuged and washed at 13000 rpm for 10 mins, 3 times. The resultant precipitate was 
transferred into a vessel (125 mL) together with 2 mL ultrapure water. The vessel was 
then sealed and placed in a 180 ºC oven. After a 2-day hydrothermal treatment, ultrapure 
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the resultant product was washed and collected by centrifugation (at 13000 rpm for 10 
mins, repeated 3 times). Sample was dried at 65 ºC overnight. 
 
X-ray diffraction (XRD) analyses were performed on a PANalytical X’Pert PRO X-ray 
diffractometer (radius: 240.0 mm). Incident X-ray radiation was produced from a line 
focused PW3373/10 Cu X-ray tube, operating at 40 kV and 40 mA, with Cu K 
radiation of 1.540596 Å. The incident beam passed through a 0.04 rad soller slit, a 1/2 ° 
divergence slit, a 15 mm fixed mask, and a 1 ° fixed antiscatter slit. 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a 
smart endurance single-reflection diamond attenuated total reflection (ATR) cell (Thermo 
Scientific). Spectra over the 4000-525 cm-1 range were obtained by the co-addition of 64 
scans with a resolution of 4 cm-1.  
 
Infrared emission spectroscopy (IES) was carried out on a Nicolet Nexus 870 FTIR 
spectrometer equipped with a MCT detector, which was modified by replacing the IR 
source with an emission cell. A description of the cell and principles of the emission 
experiment have been published elsewhere.25-28 Approximately 0.2 mg of synthesized 
indium hydroxide was spread as a thin layer (approximately 0.2 microns) on a 6 mm 
diameter platinum surface and held in an inert atmosphere within a nitrogen-purged cell 
during heating. The emission spectra were collected at intervals of 50 ºC over the range 
100-600 ºC. The spectra were acquired by co-addition of 64 scans for the whole 
temperature range, with a nominal resolution of 4 cm-1. Three sets of spectra were 
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obtained: (1) the black body radiation at selected temperatures, (2) the platinum plate 
radiation at the same temperature, and (3) the spectra from the platinum plate covered 
with the sample. Only one set of black body and platinum radiation is required for each 
temperature. The emittance spectrum at a particular temperature was calculated by 
subtraction of the single-beam spectrum of the platinum backplate from that of the 
platinum + sample, with the result ratioed to the single beam spectrum of an approximate 
blackbody (C-graphite). This spectral manipulation is carried out after all the spectral 
data have been collected.  
 
Spectral manipulation such as baseline adjustment, smoothing and normalisation was 
performed using the GRAMS® software package (Galactic Industries Corporation, 
Salem, NH, USA).  Band component analysis was undertaken using the Jandel ‘Peakfit’ 
(Erkrath, Germany) software package which enabled the type of fitting function to be 
selected and allows specific parameters to be fixed or varied accordingly. Band fitting 
was done using a Lorentz-Gauss cross-product function with the minimum number of 
component bands used for the fitting process. The Lorentz-Gauss ratio was maintained at 
values greater than 0.7 and fitting was undertaken until reproducible results were 
obtained with squared correlations ( r2) greater than 0.999. Band fitting of the spectra is 
quite reliable providing there is some band separation or changes in the spectral profile.   
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Results and Discussion 
Phase identification   X-ray diffraction (XRD) is normally used to determine the phase 
and structure of the as-prepared samples. Fig. 1 displays a typical XRD pattern of the 
synthetic indium hydroxide nanocubes, which is in excellent agreement with the pattern 
reported in literature (JCPDS Card No. 01-076-1463, cubic In(OH)3 with a lattice 
constant a = 7.9743 Å). All the diffraction peaks were well indexed by Miller indices. It 
is also reported that the (200) peak is particularly strong, which results from the regular 
cubic shape and ordered assembly of as-prepared In(OH)3.10 No other crystalline 
impurities, such as InO(OH) or In2O3, were detected in the sample, which indicates high 
purity of the synthetic cubic In(OH)3 nanomaterial. The cubic morphology of the 
synthetic material was confirmed by scanning electron microscopy (SEM) published in 
our previous work.14  
 
Infrared spectroscopy of the synthetic cubic In(OH)3 
It is important to understand that the structure of cubic In(OH)3 adopts a polyhedral 
framework consisting of two distorted pentagonal dodecahedra and twelve 7-hedra per 
cell in a body-centred cubic arrangement.29 By X-Ray and neutron diffraction methods, 
Mullica et al. found that 6 oxygen atoms were octahedrally coordinated about each 
indium atom, and each oxygen atom was coordinated by two indium atoms, while the 
hydrogen atoms were disordered.29, 30 Indium hydroxide nanocubes crystallise in space 
group Im3  (T5h). The cubic unit cell of In(OH)3 is shown in Fig. 2. There are 8 formula 
units in a unit cell. This means there are 81 degrees of freedom. The irreducible 
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representation is given by Γ = 3Au + 4Ag + 3Eu + 4Eg + 8Fg + 12Fu. All the Au and Fu -
modes are infrared active and all the Ag and Eg modes are Raman active.  
 
The infrared absorption spectrum of the synthetic indium hydroxide nanocubes in the 
region of 3600-600 cm-1 is presented in Fig. 3. Two intense bands at 3221 and 3107 cm-1 
are observed, which was attributed to OH stretching modes. Bands were observed in 
similar positions in our previous work on Raman spectra of In(OH)3,14 in which bands are 
found at 3215 and 3083 cm-1. These results are in good agreement with the infrared 
absorption at 3240 and 3120 cm-1 for In(OH)3 reported by Cao et al,31 who synthesised 
In(OH)3 nanocubes using a amino acid-assisted hydrothermal process. Likewise, Wang et 
al. 32 found a OH stretching band for lotus-root-like In(OH)3 at 3200 cm-1.  Bands 
observed in region of 2600-1300 cm-1 are attributed to overtones and combination bands. 
 
Two OH deformation bands were reported by Chen et al. 33 at 1154 and 1067 cm-1. 
However, curve fitting of the IR spectrum shows 3 bands at 1150 (sharp), 1129 (shoulder) 
and 1066 cm-1. The Raman spectrum14 in the hydroxyl-bending region showed bands at 
1155, 1137 (sharp), 1132, 1072 and 1044 cm-1. Cao et al31 published bands at 1160, 783 
and 498 cm-1 to OH deformation modes. Instead, for the lower wavenumber region, we 
assign the infrared absorption bands at 852 and 772 cm-1 found in this work to OInO 
vibrational modes.  
 
Infrared emission spectroscopic study 
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One method of studying the thermal decomposition of indium hydroxide is through the 
changes in the structure caused by dehydration of the material. The use of infrared 
emission spectroscopy enables the molecular structural changes, especially of the 
hydroxyl units, to be observed. The infrared emission spectra (IES) of the synthetic 
In(OH)3 nanocubes as a function of temperature are shown in Fig. 4a. The infrared 
emission spectra below 250 °C are similar to the correlated room-temperature infrared 
absorption spectrum (Fig. 3). This observation is in accordance with Kirchoff’s law of 
thermal radiation, which states that for a body (or surface) in thermal equilibrium with its 
surroundings the absorbed and emitted energies are equal.15  
 
As shown in Fig. 4a, the intensity of bands in the hydroxyl-stretching and hydroxyl-
bending regions decreases dramatically after 200 °C, which indicates the obvious loss of 
hydroxyl groups happened between 200 and 250 °C. This finding is in harmony with the 
results of the thermal analysis,14 which showed the dehydration of In(OH)3 happened 
from 200 to 225 °C. Bands in the hydroxyl-stretching region approach zero intensity by 
450 °C upon dehydroxylation of the indium hydroxide nanomaterial. For a further study 
on structural change in the thermal decomposition process, the infrared emission spectra 
below 300 °C were curve-fitted and displayed in Fig. 4b.  
 
In the lower wavenumber region as shown in Fig. 5, bands at 1156, 1139 and 1063 cm-1 
are attributed to the OH deformation modes. These bands display a shift to lower 
wavenumbers with temperature increase. Such a shift indicates a lessening of the bond 
strength of the hydroxyl units upon thermal treatment. Moreover, these bands diminish 
9 
 
rapidly in intensity upon heating, and disappeared above 250 °C. This observation 
records the loss of hydroxyl units in the structure of indium hydroxide according to the 
work of Martens et al.34 It is published that various hydroxyl-deformation bands represent 
different energy levels of the hydroxyl-deformation modes and the intensity of the bands 
is a population measurement of the hydroxyl units at any of these energy levels.34 
Furthermore, a weak band is observed at 915 cm-1with a shoulder at 972 cm-1 in the 
spectrum at 250 °C, which are assumed to be OH deformation modes without hydrogen-
bonds.  
 
Associated with the hydroxyl-bending vibrations are the hydroxyl-stretching bands, as 
shown in Fig. 6. Before 250 °C, the infrared emission spectra show complex hydroxyl-
stretching vibrations, which present various energy levels for the OH stretching modes in 
the molecular. It still can be observed that these hydroxyl-stretching bands shift to higher 
wavenumbers with the temperature increase. This shift is caused by the destruction of 
hydrogen bonds with the loss of hydroxyl groups. A new weak band is found at 3437 cm-
1 at 250 °C, which is assigned to be OH stretching modes without hydrogen bonding.  
 
In this infrared emission spectroscopic study, small bands which may be assigned to OH 
groups is observed both in the hydroxyl stretching and deformation regions from 250 to 
400 °C. One possible explanation for this observation is the formation of new transitional 
hydroxyl groups upon calcination of indium hydroxide nanomaterial. This shows the 
correlation with the previous thermal analysis, which indicated that after the major mass 
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loss between 200 and 225 °C, there was a very slow mass loss observed with the 
temperature increase.   
 
It is assumed that during the later stage of dehydroxylation, calcination of indium 
hydroxide results in the release of protons which are able to diffuse through the molecular 
structure which interact with InOIn groups forming a new In(OH) bond. These 
protonated In(OH)In linkages can be characterised by infrared emission spectroscopy 
which show a stretching band at 3437 cm-1 and a bending band at 915 cm-1. This 
phenomenon has been observed previously in the calcination of clay minerals using 
infrared emission spectroscopy.21, 35  In this experiment the advantage of infrared 
emission spectroscopy as a sensitive tool for detecting the OH environments in minerals 
and nanomaterials is easily seen. 
  
Indium oxide converted from indium hydroxide 
For a better understanding to the phase transition, the resultant In(OH)3 sample was 
calcined in furnace at 300 ºC and 500 ºC separately for 4 hours. The thermal products 
were characterised by X-ray diffraction, and the results shown in Fig. 7. The Only 
crystalline phase was found in these thermal products to be cubic In2O3 (JCPDS No. 01-
071-2195, cubic In2O3 with a lattice constant a =10.1170 Å). This suggests that the 
nucleation and growth of In2O3 crystals occurred before 300 ºC.  The product from 500 
ºC calcination shows a better crystallinity than the 300 ºC heated product, indicating that 
the increase of temperature improves the crystallinity of In2O3 nanocubes.   
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According to the crystallography data, the In2O3 material is body centred cubic and its 
crystal structure belongs to the space group Ia3 , with the point group Th.  The structure 
contains two types of cations: 8 In3+ cations with site symmetry S6.  Secondly there are 24 
In3+ cations with point symmetry C2. The 48 oxygens in the body centred cubic structure 
have site symmetry C1.  Thus the irreducible representation for the vibrational 
spectroscopy of In2O3 is given by: 4Ag + 4Eg + 14 Fg + 5Au + 5Eu + 16Fu. The modes 
with symmetry Ag, Eg and Fg are Raman active/infrared inactive. The vibrational modes 
Fu are infrared active/Raman inactive. The modes Au + Eu are both Raman and infrared 
inactive. However, due to the detecting limit of our instrument, no infrared bands of 
significant intensity for In2O3 are reported in this study.   
 
Conclusions 
Infrared absorption spectroscopy and infrared emission spectroscopy were applied to 
follow the changes in the structure during the dehydration and dehydoxylation of the 
material. The infrared emission spectra of the synthetic indium hydroxide nanocubes at 
low temperatures are similar to the correlated room-temperature infrared absorption 
spectrum. In the infrared emission spectrum at 100 °C, OInO vibrational modes are 
observed at 771 and 853 cm-1. Bands at 1063, 1139 and 1156 (sharp) cm-1 are assigned to 
be In(OH) bending modes, and the OH stretching modes are observed at 3123 and 3247 
cm-1.   The intensity of these bands nearly reaches zero above 200 °C, which indicates 
that almost all the OH units are lost in the structure. However, new weak bands were 
found at 915 and 3437 cm-1 in infrared emission spectra from 250 to 450 °C, which are 
assumed to due to OH bending and stretching modes separately. This observation shows 
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the releasing and transfer of protons and formation of transition new OH bonds upon 
calcination. The results presented in this paper clearly show the strength of infrared 
emission spectroscopy to study in situ the transformation taking place during the thermal 
treatment of indium hydroxide nanocubes. Moreover, cubic In2O3 has been confirmed by 
XRD to be the thermal product from indium hydroxide nanocubes after heated at 300 °C. 
The crystallinity of the thermal product is improved by increase the calcination 
temperature to 500 °C.  
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